O ne of the more stunning features of the images of earth from space are the clouds that move around our planet in quasi-organized largescale systems (e.g., Rossow and Cairns 1995) . The character and movement of these coherent cloud features are primarily governed by the large-scale atmospheric circulation and, as such, are an essential manifestation of weather systems. Motions of synopticscale cloud masses, in turn, trace the circulation patterns of the atmosphere. By tracking movements of individual cloud elements we can also determine the wind fields (e.g., Menzel 2001) .
These large cloud systems are not mere passive tracers of wide-scale movement of air. They exert an enormous influence on our weather and climate. Clouds are a fundamental stage of the cycle of water in the atmosphere, condensing water vapor and forming precipitation. Clouds also dominate the energy budget of the planet. They tend to cool the earth by reflecting sunlight back to space while simultaneously warming the earth by absorbing and reemitting thermal radiation emitted by the surface and lower atmosphere (for more on this complex process see Wielicki et al. 1995) . By modulating the distribution of heating within the atmosphere and at the surface, clouds fundamentally influence the circulations of the atmosphere and oceans. The importance of clouds to the resultant redistribution of heating is underscored in the study of Glecker et al. (1995) . They showed how poorly resolved clouds, through their effects on the surface radiation budget, produce an unacceptable discrepancy | in the implied oceanic transport of heat poleward as simulated by a large number of climate models.
Despite the fundamental role of clouds in climate, there is much that we do not know. Much of our current global perspective derives from spectral radiances measured by sensors on satellites. This global view, provided, for example, by the ISCCP (see appendix A for acronym expansions; Rossow and Schiffer 1999) , quantifies optical properties integrated through the atmospheric column. Furthermore, Earth Radiation Budget measurements (e.g., Harrison et al. 1993; Wielicki et al. 1995; Kandel et al. 1998 ) also monitor incoming and outgoing radiation at the top of the atmosphere and the effects of clouds on these outgoing fluxes. Neither type of data, however, indicates how the radiant energy is vertically distributed within the atmosphere, knowledge that is fundamental to the study of climate.
Clouds also influence climate variability and change by affecting the efficiency at which the hydrological cycle operates. TRMM (Simpson et al. 1996) has quantified how much precipitation falls in the tropical atmosphere. We cannot estimate within a factor of 2 the mass of water and ice in these clouds (e.g., Stephens et al. 1998 ) let alone how much of this water and ice is converted to precipitation. We also cannot say with any certainty what fraction of global cloudiness produce precipitation that falls to the ground.
A new satellite-based cloud experiment, hereafter the CloudSat mission, aims to provide observations necessary to advance our understanding of these issues. The CloudSat mission was selected under NASA ESSP Program (see online at http://essp.gsfc.nasa.gov) with a scheduled launch for 2004. CloudSat will fly the first spaceborne millimeter wavelength radar. The unique feature of this radar lies in its ability to observe jointly most of the cloud condensate and precipitation within its nadir field of view and its ability to provide profiles of these properties with a vertical resolution of 500 m. The CloudSat satellite flies as part of a constellation of satellites that includes the EOS Aqua and Aura at each end of the constellation, CloudSat, a second ESSP mission that flies an aerosol lidar (CALIPSO), and another small satellite, PARASOL, carrying the POLDER polarimeter (Deschamps et al. 1994) inserted in the formation between the larger EOS spacecraft (Fig. 1 ). This constellation is referred to as the A-Train. Table 1 summarizes the sensor complement of the A-Train and the types of cloud and aerosol products available from each sensor. Combining the observations of the different sensors of the A-Train with the millimeter radar observations is a key aspect of the observing philosophy of the CloudSat mission.
THE NATURE OF THE CLOUDSAT SCIENCE.
Predictions of global warming using climate models forced with increased CO 2 are uncertain ( Fig. 2a ) and the range of uncertainty has not changed much from estimates given more than two decades ago. One of the main reasons for this continued uncertainty is the inadequate way clouds and their radiative properties are represented (e.g., Webster and Stephens 1983; Cess et al. 1989; Senior and Mitchell 1993 ; IPCC, see online at www.ipcc.ch). Even small changes in the abundance and/or distribution of clouds profoundly alter the climate response to changes in greenhouse gases, anthropogenic aerosols, or other factors (Fig. 2b) . Studies also indicate how coupled oceanatmosphere models are even more acutely sensitive to cloud parameters (e.g., Ma et al. 1994) .
One key to unraveling the complexity of cloud feedback lies in clarifying the association between atmospheric circulation regimes and cloudiness. This requires a more quantitative understanding of the relationships between clouds, total diabatic heating, and circulation (schematically portrayed in Fig. 3 ). However, since the relationships depicted in Fig. 3 are primarily a manifestation of the weather systems that form the vast cloud masses, a fruitful strategy to study and understand them should also embrace NWP and related activities. Providing relevant observations that link this large-scale view of the circulation to cloud heating is a key objective of CloudSat. Forging partnerships with major NWP centers, in addition to major climate modeling groups, is thus an essential ingredient of the CloudSat strategy.
The importance of cloud profile information. One of the main reasons model predictions of climate warming vary from model to model is the different ways models specify vertical cloud distributions. The vertical distribution and overlap of cloud layers directly determine both the magnitude and vertical profile of radiative heating (Slingo and Slingo 1988; Fig. 4a ). For example, high cloud layers heat the tropical atmosphere by more than 80 W m −2 (relative to clear skies; Stephens 1999) . This heating exerts a dominant influence on the large-scale, "Hadley" circulation of the atmosphere (Randall et al. 1989 ) as well as on deep convective cloud systems (Grabowski et al. 2000) . Other processes are also affected by the vertical distribution of heating (e.g., Liang and Wang 1997) , notably through the connections between convection and precipitation (e.g., Fowler and Randall 1994; Parsons et al. 2000) .
The assumed vertical distribution of a cloud also influences precipitation predicted by models. For example, assumptions about the cloud vertical structure directly influence the seeder-feeder precipitation mechanism in large-scale models (Jakob and Klein 1999) . Figure 4b illustrates the substantial sensitivity of the forecast precipitation to the assumption of cloud overlap.
These two examples illustrate the importance of cloud profile information-even if limited to cloud occurrence. Direct measurements of the vertical structure of clouds have, until now, been limited to a few ground-based radar sites. More indirect efforts to obtain a global-scale view of vertical cloud structure rely on water vapor variations observed in global radiosonde data. Poore et al. (1995) and Wang et al. (2000) indicate that overlapping cloud layers occur about 40% of the time but vary from less than 10% over deserts and mountains to over 80% in tropical convective regions. Although these global statistics are broadly consistent with statistics accumulated from surface cloud radar sites (Mace et al. 1999) , they require extensive verification with the more direct measurements of CloudSat.
Cloud water content and precipitation. The water content of cloudy air is a parameter fundamental to predicting cloud evolution and other key properties of clouds. For example, various cloud particle growth mechanisms occur at a rate proportional to the wa-| ter content, including the growth of precipitationsized drops (e.g., Rogers 1979) . Furthermore, the radiative properties of clouds are directly related to water contents and the integrals of these water contents along the vertical path (e.g., Stephens 1978) .
Models represent clouds as fields of liquid and frozen water with equations that parameterize essential microphysical and turbulent processes (e.g., Sundquist 1978; Fowler et al. 1996; Tiedtke 1993; and others) . The parameterizations contain significant uncertainties that, for the most part, cannot be tested on the global scale. According to Fig. 5 , the liquid water path varies substantially among models. Although our ability to provide similar information from observations is crude (Stephens et al. 1998 ), these observations nevertheless possess smaller uncertainties than the model-to-model differences of Fig. 5a . Variations in the TOA radiative fluxes (not shown) and precipitation ( Fig. 5b) among the same models are smaller reflecting the heavy tuning of the model to available observations of these quantities. The variability of the cloud properties, compared to radiative properties and precipitation, underscores serious problems in parameterizing the processes that connect radiation, clouds, and precipitation and thus the critical processes portrayed in Fig. 3 .
CLOUDSAT SCIENCE OBJECTIVES.
CloudSat seeks to help solve these problems and spur improvements in both weather forecasting and climate prediction. It aims to evaluate quantitatively the representation of clouds and cloud processes in global atmospheric circulation models, and the relationship between the vertical profiles of cloud liquid water and ice content and cloud radiative properties, including the radiative heating by clouds. In so doing, CloudSat seeks to provide the first direct global survey of the vertical structure of cloud systems. It will also measure the profiles of cloud liquid water and ice water content and match these profiles of the bulk cloud microphysical properties to cloud optical properties. Optical properties contrasted against cloud liquid water and ice contents are a critical test of key parameterizations that enable calculation of flux profiles and radiative heating rates throughout the atmospheric column. To date, this type of evaluation can only be carried out using data collected in field programs and from surface measurements limited to a few locations worldwide.
These primary objectives are also augmented by other science objectives. CloudSat data provides a rich source of information for evaluating cloud properties derived from other satellite data including those produced from Aqua (see also Table 1) as well as cloud information derived from operational sensors. CloudSat information will also improve when data from other sensors are combined with the radar. Connecting CloudSat observations to the cloud properties derived from geostationary satellites also serves a number of important purposes. The geostationary information can be used to evaluate and enhance the cloud sample of CloudSat as well as to project the observations of the CloudSat era onto longer time series of cloud information provided by ISCCP. CloudSat and the A-Train also offer an unprec- | edented resource for understanding the potential of aerosol for changing cloud properties and thus the radiative budget of clouds. The aerosol context provided by other constellation measurements includes MODIS on Aqua, the lidar on CALIPSO, the polarimeter on PARASOL, and aerosol chemistry from Aura measurements. This information can be combined with the cloud water, ice, and precipitation information of CloudSat and AMSR-E to a lesser degree, cloud optical property information of MODIS and PARASOL, and the CERES radiative fluxes to explore aerosol-chemistry-cloud interactions.
THE MISSION.
Although the original CloudSat concept included the combination of lidar and radar and even precipitation measurements (GEWEX 1994) this proved too costly. Also due to cost constraints imposed by ESSP, contributions to specific portions of the mission were required.
Partnerships. The partnerships of CloudSat are reflected in the schematic mission overview of Fig. 6 .
The JPL of the California Institute of Technology is developing the payload and managing the project. The CSA is contributing key components and subsystems of the radar. Ball Aerospace provides the spacecraft bus, which is the fifth in the RS2000 line of spacecraft used both for QuikScat and ICESat. Ball Aerospace is also responsible for spacecraft integration and testing. The U.S. Air Force Space Test Program is providing ground operations and is managing communications with the spacecraft. The data will be downlinked several times per day through S-band links as part of the U.S. Air Force SGLS network of receiving stations. Validation activities take advantage of ground-based observational sites such as the DOE CART sites as part of the ARM program (Stokes and Schwartz 1994) , NASA and ARM airborne science campaigns, and various national and international university and government research facilities reflected in the science team membership.
The mission was conceived and proposed by the lead author located at Colorado State University. CIRA, also located at CSU, will process all CloudSat | level-0 data and higher-level data products (i.e., levels 1-3). The DPC system design is based on the current CIRA satellite earth station model, which has been operational since 1994.
All CloudSat standard data product generation software will be hosted on a software application referred to as CORE, which is a derivative of the DPEAS (Jones and VonderHaar 2001) . The DPEAS currently processes 17 TB of data from various satellites per year. CORE is centered on the HDF-EOS format and is based on a parallel computing environment that has a number of distinct and desirable advantages, including an ability to build redundancy of processors, to accommodate failures, and to expand the cluster in response to growth in data processing needs achieved with easy access to inexpensive scalable computing resources. Under the current plan, data will be made available to the CloudSat Science Team followed by a release to the scientific community via the Langley DAAC within 6 weeks after the science team has assessed the data and its validation.
Formation flying. In formation flying, two or more spacecraft move in matched orbits. One spacecraft is burdened to make routine adjustments to maintain a predetermined geometry with respect to the other. CloudSat is the burdened spacecraft in the A-Train maintaining a formation with Aqua and CALIPSO to overlay radar footprints with the lidar footprints of CALIPSO at least 50% of the time as well as to make the radar footprints fall in the central few kilometers of the Aqua MODIS swath. Because the imaging swath of MODIS is so much broader than the individual footprint of the CALIPSO lidar, CloudSat will control its formation in relation to CALIPSO more precisely than with Aqua.
The general formation-flying concept that forms a portion of the A-Train is illustrated in Fig. 7 . Both CloudSat and CALIPSO follow Aqua, which is in an orbit synchronized to the WRS-2 grid of ground tracks. To fly this grid, Aqua uses a sun-synchronous 705-km-altitude orbit with a 13:30 local mean time for crossing the equator. Aqua's orbit repeats its ground track every 16 days although not precisely due to atmospheric drag and other lesser effects. As a consequence, Aqua performs maneuvers whenever its subsatellite ground track deviates more than 20 km from the WRS-2 reference. This cross-track motion | constraint also defines the deviation of the along-track motion relative to a central position fixed exactly on the WRS-2 grid to 44 s back and forth from a central reference position. This ±44 s deviation in the alongtrack direction defines Aqua's "control box" relative to the WRS-2 grid (Fig. 7) . In practice, Aqua's crosstrack deviations are to be controlled relative to the WRS-2 to be less than ±10 km, well within the ±20 km requirement, reducing the along-track deviation to just ±22 s, thus creating a smaller control box.
CloudSat is to trail Aqua by less than 120 s and will maneuver to just 15 s ahead of CALIPSO. CloudSat will then maintain a tight formation with CALIPSO by controlling its cross-track motion to within ±1 km of the CALIPSO ground track. This is achieved by placing CloudSat in a small circulation orbit relative to CALIPSO contained within CALIPSO's control box. This circulation orbit would swing roughly 2.5 s forward and backward of a mean position always 15 s in front of CALIPSO (Fig. 7) . Maneuvers to maintain this circulation orbit will be carried out approximately weekly.
Orbit and mission duration. The temporal sampling and global coverage characteristics of CloudSat are dictated by the Aqua orbit. The sensitivity of the radar is not as high as it would be in a preferred lower, TRMM-like orbit between 350 and 400 km, but the desire to maximize the radar sensitivity had to be weighed against the value of maximizing synergy with the A-Train.
The CloudSat mission is designed for a 2-yr lifetime to observe more than one seasonal cycle. There is no anticipated technical reason, however, why the mission could not last longer as the radar is expected to operate beyond 3 yr with an approximate 99% probability.
THE CLOUDSAT RADAR.
Use of millimeterwave radar systems over the past decade has flourished leading to a broader understanding of the radar reflection properties of various types of clouds than was available at the time of the early formulation of CloudSat. Cloud radars now operate routinely or quasiroutinely at a number of surface sites worldwide (e.g., Moran et al. 1998 ). These millimeter-wavelength radars operate at wavelengths of approximately 3 or 8 mm (or frequencies of 94 or 35 GHz, respectively) and are currently deployed on various research aircraft. Measurements collected over a number of years from these research radars provide a rich heritage for CloudSat.
Radar properties. Because clouds are weak scatterers of microwave radiation, the overriding requirement on the radar is to achieve the maximum possible sensitivity and hence maximize cloud detection. Sensitivity is primarily determined by radar-received power and noise level and optimizing this sensitivity involves a careful tradeoff among competing and conflicting factors, including the cloud backscattering properties, the vertical resolution, atmospheric attenuation, available power delivered to the system, the orbit altitude, and radar technology. The received power can be increased by increasing the antenna size and increasing transmitter output power. The antenna diameter of 1.85 m is limited by launch constraints. The transmitter power is also limited by both | the transmitter technology and the power supply capability of the spacecraft.
The amount of power received is also strongly influenced by the cloud reflectivity and atmospheric attenuation. Cloud reflectivity increases with increasing radar frequency but atmospheric attenuation becomes prohibitive at higher frequencies. From these considerations, the operating frequency of 94 GHz is an optimum compromise and provides an increase of 33 dB over the 14-GHz TRMM radar. An international frequency allocation of 94 GHz was subsequently established for spaceborne radar use.
Sensitivity is also related to the pulse length. The radar uses 3.3-µs pulses providing cloud and precipitation information with a 500-m vertical range resolution between the surface and 30 km. The radar measurements along track are averaged in 0.32-s time intervals, producing an oblong effective FOV of approximately 1.4 × 3.5 km. To enhance the capabilities of the system, the radar measurements are also sampled at 250 m in range and 0.16 s along the nadir track.
The power measured by the receiver subsystem of the radar system is converted into a quantity referred to as radar reflectivity Z (e.g., Battan 1973) . The performance requirements of the radar are also expressed in terms of Z and one factor that is particularly important is the MDS expressed in terms of reflectivity. The MDS establishes the detection threshold of the instrument and the requirements on the MDS are dictated by the science objectives and related science requirements (appendix A). Based on our current understanding of cloud reflection, the requirement placed on the sensitivity of CPR is -26 dBZ at the end of the mission, a 70-dB dynamic range, and a calibration accuracy of 2 dBZ before launch (with a goal of 1.5 dBZ). The MDS of the CloudSat radar is expected to be between -28 and 29 dBZ early in the mission. By comparison, the TRMM PR has a sensitivity of approximately +20 dBZ. With this sensitivity, the radar detects the majority of clouds that significantly affect the radiation budget and critical elements of the water budget of the atmosphere. Assessment of the impact of those clouds missed by the radar, and the extent these missed clouds are detected by other sensors of the A-Train, is ongoing.
Three of the more noteworthy components of the radar hardware are highlighted in Fig. 8 . The antenna subsystem consists of the collimating antenna and the QOTL. The antenna, constructed of composite graphite material, meets the challenge of low surface roughness (less than an rms of 5 µm over the entire surface) and delivers a highly directional beam of half-width less than 0.12°. The antenna also has far-side lobe levels 50 dB below that of the main lobe as required to remove aliasing of these side lobes into the profiles of the following pulse. The QOTL minimizes loss through the system. This will be the first time QOTL technology has flown in space at the wavelength of the radar. Another important challenge in the radar design is the HPA subsystem. The HPA has complete redundancy and consists of two EIKs and two high voltage power supplies. One key development was the redesign of the commercial EIK unit to one qualified to operate in space (Fig. 8) . 
|
Attenuation at 94 GHz. At 94 GHz, the two-way attenuation of the radar pulse as it propagates through the atmosphere results from absorption by gases (chiefly water vapor), liquid water droplets, and precipitationsized particles. Tables 2a and 2b provide some idea of the attenuation expected under typical atmospheric conditions and contrast the attenuation at 94 against that of 14 GHz. The total column two-way attenuation by water vapor can be adequately corrected using profile information derived from operational analyses whereas attenuation by cloud droplets and precipitation (Table 2b ) must be included in the design of relevant retrieval algorithms.
Reflectivity of selected cloud types at millimeter wavelengths. Data collected from cloud radar over many years reveal how the reflectivity of clouds varies over several orders of magnitude. This range of reflectivities is exemplified in the time-height radar reflectivity cross section in Fig. 9 obtained from an aircraft millimeter-wave radar flown over a convective cloud complex. The figure illustrates the cloud radar representation of convective precipitation, stratiform precipitation mixed with liquid cloud, and overlying layers of ice clouds. The reflectivity factor ranges from below −30 dBZ around the edges of the upper ice layers to approximately 20 dBZ in heavier precipitation. Profile data like those in Fig. 9 , when accumulated from a large number of flights or from many hours of surface measurements, provide a database for establishing the general reflectivity characteristics of different cloud types. One type of cloud that challenges the sensitivity of the radar is the shallow boundary layer cloud. The accumulation of many hours of aircraft and surface radar data from such clouds are shown in Figs. 10a and 10b . This figure suggests that for a sensitivity of −28 dBZ only about 70% of the low-level water clouds over the ocean and perhaps only 40% or less of these clouds over land are detected. The results of this figure underscore the need for the additional information available from the other sensors of the A-Train.
Similar kinds of composite analyses applied to cirrus cloud radar data highlight the different nature of the radar reflection by these types of clouds. Based on the analyses presented in Fig. 11 , the limit of cirrus detection by a CloudSat-like radar generally lies in the Far less is known about the reflectivity of the different types of underlying surfaces encountered by an orbiting spaceborne 94-GHz radar. What limited information is available indicates that surface reflectivities typically vary as a function of surface type and condition as influenced by vegetation, soil moisture, and snow depth among other factors over land and surface wind speed over oceans (Ulaby and Dobson 1989) . Characterization of the 94-GHz surface reflectivity is an area of emerging research to be promoted through the CloudSat Project. | CLOUDSAT PRODUCTS. Table 3 lists the principal level-1 and -2 products. The primary product is the level-1B calibrated, range-resolved radar reflectivities and the essential level-2 products are the cloud profile properties derived from these radar data. Two classes of level-2 products are distinguished. The first are the standard data products deemed necessary to meet the objectives for the mission. The second are the experimental products that provide supplementary information that enhances the science of the mission. Level-2 products also include a subset of MODIS and AMSR-E radiance data, as well as a number of selected (level 2) MODIS and CERES products specifically matched to the CloudSat radar ground track. The latter products will be used primarily for diagnostic and comparative studies.
Although details of the CloudSat products are subjects of ongoing research and future papers, a brief comment on three level-2 products is warranted. The cloud geometric profile (2B-GEOPROF) is derived from a version of the SEM algorithm of Clothiaux et al. (1995 Clothiaux et al. ( , 1999 . This algorithm uses a carefully tuned noise threshold to identify weak cloud reflections from background instrument noise. The liquid and ice water content products (2B-LWC, 2B-IWC, respectively) derive from algorithms predicated on exploiting the different properties of active (radar) and passive (MODIS) observing systems. The benefits of combining such data has been demonstrated for more than 20 years using measurements from both aircraft and ground-based lidar, radar, and radiometer systems (e.g., Platt et al. 1998; Matrosov et al. 1992; Mace et al. 1998; Wang and Sassen 2001; and many others) . Specific details on the theoretical basis for the water and ice algorithms together with an evaluation of their performance are described in Austin and Stephens (2001) , Austin et al. (2002, manuscript 
CHALLENGES AND OPPORTUNITIES.
Data collected previously as well as up to and beyond the launch continue to guide the development of algorithms and a deeper understanding of the synergy of the A-Train multisensor data. Despite substantial progress, significant ambiguities exist in interpreting the observations and further understanding is required. Likewise, areas also emerge where exciting opportunities exist for developing new observational approaches and new scientific information.
Areas of note are as follows: The evaluation of the sensitivity of the CloudSat radar and how cloud detection may be augmented by the other sensors of the A-Train is crucial. Evaluation must include quantification of the effects of underdetection on both the water budget and radiative budget of clouds.
The transition from cloud to precipitation is a source of uncertainty that needs further study. Whereas the presence of drizzle in clouds as an initial stage in the development of precipitation benefits the problem of detection, particularly for boundary layer clouds, it also complicates the estimation of cloud liquid water (e.g., Fox and Illingworth 1997) . Although it may be straightforward to identify drizzle from a reflectivity threshold perspective (e.g., Frisch et al. 1995) or from combinations of reflectivity and cloud optical depth (AUSTIN), retrieval of quantitative information about cloud LWC in the presence of drizzle have not been developed. CloudSat provides an opportunity to address this problem through a combination of radar data with A-Train satellite radiance data.
Mixed-phase clouds pose further difficulties. Supercooled liquid water obviously coexists with ice, and detection of these mixtures, not to mention quantifying the water contents of each phase, remains an important and particularly challenging problem, not only from the perspective of observations but also from the perspective of parameterization of these processes in global models (e.g., Rotstayn et al. 2000) . Radar data, combined with other A-Train data such as the depolarization information from the lidar and polarimetric reflectances from PARASOL, provide an opportunity to focus some attention on both the observational challenges associated with mixed-phase clouds as well as on the parameterization of the mixed-phase processes in global models.
The categorization and quantification of precipitation also require further research. Solid and liquid precipitation are readily detected by the CloudSat radar. Simulations indicate that liquid precipitation exceeding about 10 mm h −1 at the surface will fully attenuate the spaceborne 94 GHz radar in the lowest 1 km (Table 2b ). L'Ecuyer and , using synthetic radar data simulated with the TRMM GPROF database as input (Olsen et al. 1996) , demonstrated that 94-GHz radar data is capable of providing meaningful estimates of surface rain rate to about 3 mm h −1
. Retrievals under higher precipitation rates suffer from significant attenuation. Ambiguity arising from this attenuation can be addressed with the inclusion of path attenuation information that extends the validity of surface precipitation information to about 5-8 mm h −1 . Research on possible ways of dealing with attenuation and precipitation validation activities is planned as part of the efforts associated with AMSR-E validation.
|

1A-AUX
Auxiliary data for navigation Digital elevation maps, spacecraft altitude assignments, raw CPR data. ephemeris.
1B-CPR Calibrated radar reflectivities. Radar power, calibration factors. 500-m vertical resolution; day and night.
2B-GEOPROF Cloud geometric profile-expressed 1B-CPR, AN-MODMASK. A 500-m vertical resolution (but the lidarin terms of occurrence and reflectivity modified version of this product radar product will have higher vertical (significant echoes), also includes (gas) that includes CALIPSO lidar data resolution); day and night. attenuation correction. is planned.
2B-CLDCLASS Eight classes of cloud type,
Radar and other data from the Wang and Sassen (2001); day and night.
including precipitation, identification, constellation.
and likelihood of mixed phase conditions.
2B-TAU
Cloud optical depth by layer. 2B-GEOPROF and MODIS-AUX τ > 0.1, 20% accuracy (goal); daytime radiances. only.
2B-LWC
Cloud liquid water content. 2B-GEOPROF and 2B-TAU. 500 m and 50%; day and night, daytime uses 2B-TAU, nighttime product will be inferior to daytime.
2B-IWC
Cloud ice water content. 2B-GEOPROF and 2B-TAU, 500 m +100% to -50%; day and night; temperature daytime product uses 2B-TAU, nighttime product is inferior to daytime product. TABLE 3. List of CloudSat level-1 and level-2 products. Standard products will be processed by the DPC and made available for distribution to the general scientific community. Experimental products will be produced and archived by individual scientists and the list of these products is expected to grow. Level-2 data, archived at the pixel level, are also to be averaged over space and time to produce a series of level-3 products (not listed in table). A discussion of the level-3 products, general sampling characteristics of the mission and related sampling errors will be described elsewhere, although general information about the types of sampling errors expected for the time-space mean CloudSat products can be found in GEWEX (1994). 
2B-FLXHR
Product
AN-AMSR AMSR-E radiances
Auxiliary data
Precipitation Quantitative precipitation. 2B-GEOPROF and AN-AMSR radiances.
Cloud phase Discrimination of ice and liquid. 2B-GEOPROF, CALIPSO lidar, MODIS radiances.
Cloud Droplet size profiles, number 2B-GEOPROF, 2B-TAU, CALIPSO microphysics concentrations. lidar, MODIS radiances.
Selected experimental products
| THE VALIDATION PLAN. The evaluation of both the standard and experimental products is an important focus of ongoing research activities that can be expected to continue prior to and after launch. The intent of these activities is the following: 1) To determine the calibration accuracy of the radar, thereby verifying the output of the level-1B radar algorithm that produces calibrated radar reflectivity profiles. 2) To determine the location accuracy of the radar footprint to enable the merging of CloudSat data with other datasets. 3) To evaluate the CloudSat radar sensitivity and to validate the cloud profile product, cloud detection statistics, and how cloud detection is augmented by the other sensors of the A-Train. 4) To quantify both random and bias errors estimated by the retrieval methods. The sources of these two errors types include model errors associated with the way observations are modeled in the retrieval approach, measurement errors related to instrument performance, calibration, noise, etc., and database errors due to uncertainties in a priori databases used to constrain nonunique solutions (e.g., ambiguities associated with attenuated radar reflectivities, etc.) or to assign certain model parameters.
A number of specific activities are planned to quantify these errors and characterize the CloudSat observing system. Many of these activities are being carried out prior to launch whereas other activities will be required throughout all phases of the mission.
Sensor calibration and footprint location. The calibration of the radar provides an overall uncertainty attached to the individual reflectivities. The CloudSat radar calibration plan includes a routine and detailed system calibration both prior to launch and in flight, vicarious calibration associated with surface returns from the ocean, and direct measurement comparisons with independently calibrated airborne radar that are volume matched to the spaceborne radar. The expected absolute calibration accuracy is 1.5-2 dBZ. Knowledge of the footprint location will be confirmed on orbit using the ocean-land variation of surface reflectivities as the radar field of view crosses coastlines. This approach is expected to provide an independent way of locating the radar footprint with an accuracy of approximately 250 m.
Detection. The tuning of the detection algorithm is being developed prior to launch using available data from aircraft flights as well as cloud radar data from ARM adapted to simulate level-1B data. The performance of the detection algorithm is to be monitored statistically via comparisons with long-term surface measurement and, when possible, aircraft measurements volume-matched to the spaceborne radar measurements.
Ground truth. The objective of ground truth measurements is to confirm the total retrieval error (bias plus random) from all sources. Ground truth requires comparison with independent data obtained from, for example, in situ cloud microphysics probes (e.g., Fig. 12a) . Unfortunately, such comparisons do not generally offer an "absolute" truth given the differences in sampling volumes. Despite this difficulty, ground truth exercises are the only way to estimate the difficult-to-determine systematic retrieval errors. Postlaunch ground truth efforts applied to the actual CloudSat products are currently being planned.
Component error analyses. This activity attempts to quantify individual error components of the retrieval system, in particular focusing on model and database errors. For clouds and precipitation, these are the most significant sources of error. The analyses rely on a variety of data sources including currently archived cloud physics data obtained from past aircraft measurement programs worldwide (e.g., AUSTIN) as well as on the systematic measurement activities of ARM. An example of this type of analysis is the confirmation of the theoretical relation between measurements of (one way) cloud attenuation as a function of cloud liquid water content by Vali et al. (1998) . The coefficients and attached errors of the simple linear relationship between radar attenuation and liquid water content are examples of specific model parameters used in cloud liquid water retrievals (e.g., Austin and Stephens 2001) .
Consistency analyses: For this activity, the retrieved information is compared to other retrieved information involving different physical assumptions and thus different forward models. One example is provided in the form of a comparison of cloud-radar-based LWP information matched and compared to LWP inferred from MODIS optical properties, or independently from microwave radiometer data (Fig. 12b) .
The specific strategy proposed includes the following:
| 1) Application of algorithms to synthetic data for which the actual cloud information is known. An example of this approach is described in the study of Sassen et al. (2002) who employ an explicit cirrus microphysical model to simulate timeevolving radar reflectivities, lidar backscatter, and optical depths. 2) Comparison of products derived from different algorithms based on different kinds of forward model assumptions and data inputs. For example, the ice water contents derived from simpler CloudSat-like algorithms can be compared to equivalent information derived from algorithms that use either additional radar data such as reflectivity at a different frequency (Sekelsky et al. 1999) or reflectivity data plus Doppler moment data (Clothiaux et al. 2000) or entirely different sensor data as in the example of microwave radiometer cloud liquid water path data (e.g., AUSTIN). 3) Application of the algorithms to surface-based radar data that are subsequently evaluated using information matched to the radar volumes obtained from airborne platforms with necessary cloud microphysical sensors. 4) Similar to 2) but using aircraft radar and radiometer data matched to measurements from in situ aircraft sensors of relevant cloud parameters in a manner similar to that reported in the study of AUSTIN. 5) Similar to 4) matching aircraft in situ data with satellite data after launch.
The CloudSat validation plan benefits from the systematic measurement programs of ARM that focus on use of surface remote sensors as well as systematic measurements planned for selected sites within Europe and Japan. The validation plan also benefits from regular aircraft radar measurement activities within the United States, Japan, and Europe; the measurement capabilities at a number of universities (such as Sassen et al. 2001) ; and cloud field program activities representing targets of opportunity planned in the coming years. CloudSat also has begun to link to the validation activities of CALIPSO as well as to the validation activities planned for Aqua.
SUMMARY.
CloudSat is designed to measure the vertical structure of clouds and precipitation from space and does so through the first spaceborne flight of a 94-GHz cloud profiling radar. Not only will this mission stimulate important new research on clouds and precipitation, but it will also provide an important demonstration of 94-GHz radar technology in a space-borne application.
CloudSat employs a measurement and algorithm approach that combines radar information with ra- | diance data obtained from other sensors of the constellation. Information derived from this combination, summarized in Table 3 , includes detailed vertical profile information about the water and ice contents of clouds, the occurrence of precipitation as well as some quantitative information about precipitation. CloudSat will provide a large and unique ensemble of these properties that will uncover new knowledge about clouds and precipitation and the connection of clouds to the large-scale motions of the atmosphere, offer probing tests of global climate and weather forecast models as well as cloud resolving models and related parameterizations. As such, CloudSat will provide new ways of examining relationships between clouds and other properties of the atmosphere that are important for understanding the earth's hydrological cycle and how cloud feedbacks are established within the climate system.
At present the science team is confined to a limited number of researchers who are responsible for developing the algorithms of the standard products and for developing the steps to validate these products. The team will expand near the time of launch. At that time, NASA will support a larger team and the research of the wider community encouraging use of CloudSat data in the study of clouds and climate. ACKNOWLEDGMENTS. The research described in this paper was carried out at a number of institutions, including the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the National Aeronautics and Space Administration. This research was also supported by One of the key objectives of the mission is to be able to provide information sufficient for determining the | contribution of clouds to the radiative heating of the atmosphere. This contribution, and the radiative fluxes that determine it, are provided by the 2B-FLXHR product (Table 3) . Accuracy requirements placed on the level-2 products were established by tracing these requirements back to a requirement established for the radiative heating and related radiative fluxes. Although measurement requirements for TOA fluxes are documented (e.g., Wielicki et al. 1996) , it is neither a straightforward nor obvious task to relate these TOA flux requirements to heating rates. The approach developed to establish the heating rate requirement connects variations in cloud radiative heating to changes in observable quantities; atmospheric temperature and precipitation are chosen since measurement requirements exist for these parameters. The relation between cloud radiative heating rates, temperature, and precipitation was established using two general circulation models (Schneider and Stephens 1996) . This further provided a way of connecting TOA fluxes to cloud radiative heating, thereby providing a connection to the documented TOA and surface flux requirements of CERES. These flux requirements represent a more tangible way of establishing accuracy requirements on optical depth, liquid and ice water contents, and minimum radar detection thresholds .
The results of the above mentioned studies may be summarized as follows: 1) GCM sensitivity studies suggest that changing incloud radiative heating by an amount of 1 K day −1 over a 1-km layer leads to predicted changes in the precipitation rate in the Tropics of about 10% and changes to atmospheric temperature globally of 1-2 K. The latter are consistent with present capabilities to measure atmospheric temperature, and the precipitation changes are slightly below with the measurement capabilities presently understood for TRMM. The changes to temperature and precipitation are also consistent with the along-track estimation of instantaneous longwave exitant fluxes within 5-10 W m −2 at the top and bottom of the atmosphere. 2) TOA longwave fluxes, derived by comparing simulations that contain ±20% differences in cloud optical depth and liquid water content, compared to control simulations are within ±5 W m −2 of the control simulations . 3) Based on realistic assumptions for the particle sizes of ice and water clouds, a radar with a minimum sensitivity of -28 dBZ will miss some optically thin high clouds and a higher fraction of low clouds (note also Figs. 10 and 11). Although we do not know these statistics on the global scale, we estimated that a radar-only system operating with a minimum sensitivity of -28 dBZ will detect approximately 90%-95% of all ice mass and perhaps as much as 80% of the water mass. However, when combined with other radiance observations (such as available from MODIS), many of the undetected low water clouds will also be counted and further improvement for ice content is expected with the addition of CALIPSO lidar observations. Overall, our best estimate is that the clouds missed by CloudSat will impact the incloud radiative heating by less than 1K day −1 km −1 . 4) The clouds missed by the radar lead to an underestimate of the instantaneous TOA and surface longwave fluxes, largely by missing some fraction of low clouds. When detection of low thin clouds by the radar is augmented by radiance data from Aqua, it is expected that these longwave flux errors will be reduced to approximately 5 W m −2 . 5) The corresponding visible optical depths of clouds undetected by a radar-only observing system operating with a -28 dBZ MDS varies with particle size. Assuming particle sizes typical of those observed, the threshold radar detection is about τ ≈ 1-5 for low-level water clouds and τ ≈ 0.1-0.4 for ice clouds. These values vary according to the cloud microphysics.
